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De^ption 

PAOKOROUNP OF THE INVENTION 

Rgic^Qfthe Invention s 

The present invention relates to a single-nxxle opti- 
cal fiber applied to a transmission line for optical com- 
munications or the like and. in particular, to a 
disper8ion*8h}ft6d fiber suitable for wavelength cfvision 10 
multiplexing (WDM) transmission. 

Related Background Art 

Conventionally, in optical communication systems is 
employing single-mode optical fibers as their transmis- 
sion lines, light in the wavelength band of 1 .3 ^ or 1 .55 
fim has often been utilized as signal light for communi- 
cations. Recently, from the viewpoint of reducing trans* 
mission loss in transmission lines, the light in the 1.55- so 
fim wavelength band has been in use more and more. 
The single-mode optical fiber applied to such a trans- 
mission line for light in the wavelength band of 1 .55 ^m 
(hereinafter referred to as 1 .55-^m single-mode optical 
fiber) is designed so as to nulOfy its wavelength disper- 2s 
eion (phenomenon in which pulse wave broadens 
t>ecause the propagating speed of light varies deperxl- 
Ing on its wavelengtfi) for light in the wavelength band of 
1.55 MHi (thus yielding a dispersion-shifted fiber having 
a zero-dispersion wavelength of 1.55 ^m). As such a 30 
dispersion-shifted fber, for example, Japanese Patent 
Publication No. 3-18161 discloses a dispersion-shifted 
f S>er having a refractive index profile of a dual-shape- 
core structure, whose core region is constituted by an 
inner core and an outer core having a refractive irKlex 35 
lower than that of the inner core. Also, Japanese Patent 
Application Laid-Open Na 63^107 and Japanese 
Patent Application Laid-Open No. 2-141704 disclose a 
dispersion-shifted f ik>er having a refractive index profile 
of a depressed dadding/dual-shape-core structure. 40 
whose cladding region is constituted by an inner clad- 
ding and an outer cladding having a refractive index 
greater than that of the inner cladding. Further. VA 
Bhagavatula et al.. OFC 95 Technical Digest. Paper 
ThHI, 1995. and R Nouchi et al.. ECOC 96. Paper 45 
MoB.3.2, 1996 disclose a dispersion-shifted fiber hav- 
ing a refractive index profile of a ring-shaped core struc- 
ture. 

Recentiy, on the other hand, since k>ng-haul trans- 
mission has become possible with the advent of wave- so 
length division multiplexing (WDM) transmission and 
optical amplifiers, there have been proposed, in order to 
avoid nonlinear optical effects, disperGion-shtfted fibers 
employing a refractive index profile of the above-men- 
tioned dual-shape-core structure or depressed dad- ss 
ding/dual-shape-core structure, whose zero-dispersion 
wavelengtti Is shifted to the shorter wavelengtii side or 
longer wavelength side than the center wavelength of 



signal light (Japanese Patent Application Laid-Open No. 
7-168046 and U.S. Patent Na 5.483.612). Here, the 
rvonlinear optical effects refer to phenomena in which 
signal light pulses are distorted in proportion to density 
of light intensity or the like due to nonlinear pherK}mena 
such as four-wave mixing (FWM), setf-phase modula- 
tion (SPM). cross-phase nrxxiulation (XPM). or the like. 
Transmission speed and relaying intervals in repeating 
transmission systems are restricted by tiie nonlinear 
optical effects. 

Japanese Patent Application LakiOpen No. 8- 
248251 proposes an optical fiber having a configuration 
which suppresses the occurrence of the above-men- 
tioned nonlinear optical pherKDmena. which may be gen- 
erated when light having a high power is incident on the 
optical fiber. therek>y reducing the distortion in optical 
signals caused by these nonlinear optical phenomena. 
Such an optical fiber has a refractive index profile 
whose effective core aoss-sectional area Aeff is 
designed to be greater tiian about 70 um^. 

Here, as disclosed in Japanese Paterrt Application 
Laid-Open No. 8-248251. the effective core cross-sec- 
tional area Aeff Is given by the following expression (1): 




wherein E is an electric f ieki accompanying propadated 
light and r is a radial distance from the core center 

On the otiier hand, dispersion slope Is defined by 
the gradient of a graph irrlicating a dispersion charac- 
teristic in a predetermined wavelength band. 

SUMMARY OF THE INVENTION 

Having studied the foregoing prior art, tiie inventors 
have found the following problems. 

In general, while the dispersion slope increases as 
the effective core cross-sectional area Aeff greater, no 
consideration has been made in the conventtonaOy pro- 
posed dispersion-shifted fibers so as to optimize their 
dispersion slope value, which relates to the occurrences 
of distortion in signal light waveform due to dispersion 
and rtonlinear optical effects, from the viewpoint of 
reducing distortion in the whole waveform. 

Accordingly, in view of futijre advances in wave- 
length division nrultiplexing accompanying more sophis- 
ticated communications, expected is a situation where it 
is difficult to keep a transmission quality by simply 
employing a conventional dispersion-shifted f ODer. 

In order to overcome the problems such as those 
mentioned above, it is an object of the present invention 
to provide a dispersion-shifted f ber for WDM transmis- 
sion, suitable for k3ng-haut submarine cables or the like, 
which has a structure for effectively restraining the non- 
linear optical phenomena from occurring. 
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The dtspersioiveh'rfted fber aocording to the 
present invention is a single-mode optical fiber for prop- 
agating signal light in a 1.55 wavelength band 
(riamely. a wavelength in the reuige of 1 ,500 nm to 1 .600 
nm) compr^ng a core region extending aJorKi a prede* 5 
temrtined reference axis and a daddtng region cfisposed 
around the outer periphery of the core region. This dis- 
persion-shifted fber has a zero-dispersion wavelength 
shifted to a shorter wavelength side or longer wave- 
length side from the center wavelength (1,550 nm) of 10 
the 1 .55-Mm wavelength hand. 

In particular, as characteristics at the center wave- 
length (1 ,550 nm) of the 1 .55-^ wavelength band, the 
dispersion-shifted fiber accordirig to the present inven- 
tion has, at least, a dispersion whose absolute value is is 
1 .0 to 4.5 ps/nnrVkm, a dispersion slope of 0.05 to 0.09 
ps/nm^/km. an effective core cross-sectional area of at 
least 70 ^m^. and a cutoff wavelength of at least 1 ,300 
nm at a fiber length of 2 m. 

In general, at a time of wavelength division multi- 20 
plexing transmission, if the dispersion slope ts small, a 
four-wave mixing which greatly distorts the waveform of 
a signal light is apt to occur. When the dispersion slope 
is large, on the other hand, the waveform of signal light 
is greatly distorted due to the synergistic effect of accu- 25 
mulated dispersion and self-phase rruxiulation. 

As a result of studies, the inventors have found that, 
in the case where, at a wavelength of 1,550 nm. the 
€d)solute value of dispersion is 1 .0 to 4.5 ps/nm/km and 
the effective core cross-sectional area is 70 ^m^ or 30 
greater, the total anrwunt of distortion in signal light 
waveform can be reduced in a long-haul transmission if 
the dispersion slope is 0.05 to 0.09 psAim^/km. Here, 
the total amount of distortion refers to the sum of the 
distortion in signal light waveform caused by the four- 35 
wave mixings and the distortions in signal light wave- 
form caused by the synergistic effect of accumulated 
dispersion and self-phase modulation. Thus, the disper- 
sion-shifted fiber according to the present invention can 
restrain the distortion from occunring due to the nonlin- 40 
ear optical effects, thereby allowing high-quality signal 
transmission to be realized. 

Further. In the dispersion-shifted fO^r according to 
the present invention, the core region is constituted by 
an inner core having a first refractive index, and an outer 45 
core disposed around the outer periphery of the inner 
core and having a second refractive index higher than 
the first refractive index; whereas a cladding region hav- 
ing a refractive index lower than the second refractive 
index \s disposed around the outer periphery of the so 
outer core. It means that this dispersion-shifted ffoer 
can be suitably realized by a single-mode optical fber 
having a refractive irxlex profile of a ring-shaped core 
structure. 

In a dispersion-shifted fiber having a refractive ss 
index profile of a dual-shape-core structure or 
depressed dadding/dual-shape-core structure, while Its 
effective core cross-sectional area A«ff is known to 
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become large, its nrxxle field diameter (MFD) also 
increases. This can also be seen from the feet that as 
disclosed in Japanese Patent Application Laid-Open 
No. 8-220362, effective core cross-sectional area Aqji 
and MFD satisfy the following expression: 

A«ff = k • n • (MFD/2) ^ (2) 

wherein k is a correction coefficient. Here, the effective 
core cross-sectional area A«ff is given by the alxive- 
mentioned expression (1). 

In a d^erslon-shifted fber having a refractive 
index profile of a ring-shaped core structure, by chang- 
ing its core diameter (outside diameter of the outer core) 
while keeping the ratio between the outside diameter of 
the inner core and the outside diameter of the outer core 
constant, the inventors have found the following fects. 
IMamety. within a range where the core diameter is 
small, the greater is the core diameter, the smaller 
becomes the effective core cross-sectional area Aeff. 
Within a range where the core diameter is considerably 
targe, by contrast, the effective core cross-sectional 
area A^ff increases together with the core diameter. It 
means that there are two core diameter values yielding 
the same effective core cross-sectional area Aqh in a 
dispersion-shifted fiber having a refractive index profile 
of a ring-shaped core structure. 

Similarly, in the dispersion-shifted fiber having a 
refractive index profile of a ring-shaped core structure, 
when the core diameter (outside diameter of the outer 
core) is changed while the ratio between the outside 
diameter of the inner core and the outside diameter of 
the outer core is kept constant, the dispersion slope 
changes as well. Namely, within a range where the core 
diameter is small, in response to increase in core diam- 
eter, the dispersion slope as well as the effective core 
aoss-sectional area Aoff decreases. Within a range 
where the core diameter is considerably large, by con- 
trast, while the effective core cross-sectional area Aefi 
increases in response to increase in the core diameter, 
the dispersion slope decreases. It means that in the 
dispersion-shifted fiber having a refractive index profile 
of a ring-shaped core structure, there is a region of core 
diameter where the dispersion slope decreases in 
response to inaease in the effective core cross-sec- 
tional area Aoff. 

In view of the foregoing, it is possible to obtain a dis- 
persion-shifted fiber having both of an effective core 
aoss-sectional area Aqh which is controlled so as to 
became greater and a dispersion slc^ which is control- 
led so as to become smaller. 

Consequently, wh^ setting the effective core 
aoss-sectional area A^a to a predetermined level, a 
desired dispersion slope value can be appropriately 
selected from two different dispersion slope values, thus 
making it easy to realize the dispersion-shifted fiber 
according to the present Invention. 

Further, in the dispersion-shifted fber having a 
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refractive index profile of a ring-ehaped core structure, 
within a range where the core diameter is ennal], both 
effective core Cross-sectiortal area A«ff and MFD 
decrease as the core diameter increases. Within a 
range where the core cfiameter is considerably large, as $ 
the core diameter inaeases, the MFD decreases, 
whereas the effective core aoss-sectional area Aqh 
inaeases. Here, when changing the core diameter (out- 
side diameter of the outer core), the ratio between the 
outside diameter of the inner core and the outside diam- 
eter of the outer core is kept constant. In general, bend- 
ing loss becomes smaller as the MFD is smaller and the 
cutoff wavelength is longer From this viewpoint, the 
larger the diameter of the core is. the more advanta- 
geous it becomes. 

Spectficaily, according to the findings of the inven- 
tors, in Older to realize a dispersion-shifted fiber having 
the at>ove-mentioned characteristics, it is necessary to 
satisfy the following relationships: 

0.4 5 Ra (= 2a/2b) ^ 0.8 

5 ^m ^ 2b ^ 14 ^m 

wherein 2a is an outside diameter of the inner core, and 
2b is an outside diameter of the outer core. 

Also, this dispersion-shifted fber satisfies the fol- 
lowing relationship: 

An^ - Ana ^ 1% 

wherein An^ is a relative refractive index difference or 
the outer core with respect to the cladding region, and 
An2 is a relative refractive index difference of the inner 
core with respect to the cladding region. Namely, since 
the dispersion value of the dispersion-shifted fber 
depends on an amount of depression (An^ - An2) of a 
depressed area corresponding to the core cemer region 
In its refractive Index profQe in the diameter direction 
within the core region, it is necessary for this amount of 
depression to be at least 1 .0% in order to obtain a suffi- 
cient dispersion value. The above-mentioned relation- 
ship between the outside diameter 2a of the inner core 
and the outside diameter 2b of the outer core is inde- 
pendent of the values of relative refractive index differ- 
ences An^ and An2. 

Further, reducing the relative refractive index differ- 
ence An2 of the inner core with respect to the cladding 
region (enhancing Its absolute value when it is negative) 
Is effective In shortening cutoff wavelength. Accordingly, 
taking account of short-haul light transmission, in order 
to yield a cutoff wavelength of 1 ,550 nm or less at a fber 
length of 2 m. rt is necessary for An2 to be not greater 
than -0.4%. 

Though the cladding region can have a unitary 
structure (hereinafter referred to as matched cladding 
structure). It can also be constituted by an Inner dad- 
ding disposed arouid the outer perphery of the outer 



core and having a third refractive irKlex lower than the 
second refractive Index (refractive Index of the outer 
core), arxi an outer cladding disposed around the outer 
periphery of the inner cladding and having a fourth 
refractive index higher than the tiiird refractive index. 
Namely, tiie dispersion-shifted fber can have a refrac- 
tive index profile of a depressed cladding/ring-shaped 
core structure (double structure). 

Since the dispersion-shifted fiber having a 
depressed dadding structure has an effect to decrease 
undesired 2-mode light, as compared with the disper- 
sion-shifted fber having a matched cladding strudure 
without a depression, the depressed cladding Strudure 
is effective to make a cutoff wavelength of 2-mode light 
become short. However, in tiie refractive index profile of 
tiie depressed cladding structure, when a widtii. which 
corresponds to a thickness (c-b) of the inner dadding. of 
a depression to be provided tiierein t>ecomes too nar- 
row (namely, tiie value 2c/2b approaches 1) or when a 
width of a depression provided therein becomes too 
wk:le (namely, the value 2c/2b becomes too large), an 
effed of the depressed cladding structure with resped 
to the matched cladding strudure can not be obtained. 
Therefore, it is necessary tfiat the inner dadding has an 
appropriate outer diameter to tiie outer core, and it is 
preferable that the dispersion-shifted fiber having a 
refradive index profile of a depressed cladding/ring- 
shaped core structure satisfies the following relation- 
ship: 

1.2^2c/2b^2.2. 

In the dispersion-shifted fiber having a refradive 
index profile of a depressed dadding/ring-shaped core 
structure, An^ is a relative refractive index difference of 
the outer core with resped to the outer cladding, 
whereas Ang is a relative refractive index difference of 
the inner core with resped to the outer dadding. In this 
case. Its cutoff wavelength becomes shorter ttian that of 
a dispersion-shifted fiber having a refractive index pro- 
fie of a simple ring-shaped core structure with no 
depressed cladding structure, even when the values of 
relative refradive index differences An^ and An2 in the 
former are tiie same as those in the latter. 

On the other hand, in the conventional optical fiber 
disdosed in the above-mentioned Japanese Patent 
Application Laid-Open No. 8-248251. the optical power 
distribution (or electromagnetic field distribution) is max- 
imized at the core center of the optical fber. In order to 
increase the effective core aoss-sectional area A^^f 
while maintaining the form of optical power distiibution 
having such a charaderistic it is necessary to broaden 
a skirt portion in ttie optical power distribution. Thus, in 
order to broaden the skirt portion in the optical power 
disti'ibution. the conventional optical fber is provided 
with another segment (outer core) disposed outside the 
center segment (Inner core). 

As can also be seen from the above-mentioned 
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expression (2). however, in the above-mentioned dis- 
perslon-shffted fiber having a refractive index profile of a 
dual-shapecore structure or depressed dadding/dual- 
shape-core structure, when the effective core cross- 
sectional area A^n l8 iricreased. mode field diameter 
(MFD) increases together therewith. 

Due to the foregoing reasons, the optical fiber of the 
above-mentioned Japanese Patent Application Laid- 
Open No. 8-240251 . which is designed so as to enlarge 
the effective core aoss-sectional area Aoft, may be 
problematic in that bending loss increases as the effec- 
tive core cross-sectional area Aoff becomes larger. 

Therefore, in order to effectively restrain the nonlin- 
ear optical phenomena from occurring while keeping 
the value of MFD small, the dispersion-shifted fiber 
according to the present invention has. at least a refrac- 
tive index profile of a ring-shaped core structure, 
thereby, in a aoss section perpendicular to a wave- 
guiding direction of signal light, the part where the opti- 
cal powerdistribution in the fundamental nrKXle of signal 
light or its accompanying electromagnetic field disUribu- 
tion is maximized is radially separated from the center 
of the core region by a predetermined distance. 

Even in an optical fiber having a refractive index 
profile of a ring-shaped core structure, when the outside 
diameter of its inner core is small, it does not yield a 
large difference in terms of the optical power distribution 
of propagated light or its accompanying electromag- 
netic field distribution as compared with an optical f toer 
having a refractive index profile other than that of the 
ring-shaped core staicture Namely, even in the optical 
fiber having a refractive index profile of a ring-shaped 
core structure, when the outside diameter of the inner 
core is smaU. the part where the optical power distribu- 
tion of signal Hght in the fundamental mode or electro- 
magnetic field distribution is maximized becomes to 
sut>stantially overiap with the center of the core region. 
In such a state, the characteristic of the refractive index 
profile with a ring-shaped core structure can not fully be 
exhasited. 

Specifically, in the dispersion-shifted fiber accord- 
ing to the present invention, in a aoss section perpen- 
dicular to a wave-guiding direction of signal light, the 
part where the optical power distribution of signal light in 
a fundamental nxxle or its accompanying electromag- 
netic field distribution is maximized is radially separated 
from the center of the core region by about 0.5 jim to 
aboutSfim. 

In this case, satisfying the condition of expression 
(3) mentioned in the following is particularty preferable 
in order to fully exhibit the effects of the refractive index 
profile vwth a ring-shaped core structure. Namely, the 
dispersion-shifted fiber according to the present inven- 
tion satisfies a relationship of: 

Pi>1.2xPo (3) 
wherein Pq is an optical power of signal light in the fun- 



damental nxxJe at the center of the core region or an 
intensity of its accompanying electromagnetic field, and 
Pi is a maximum value, in a radial direction from the 
center of the core region, of optical power distribution of 
5 signal light in the fundamental mode or its accompany- 
ing electronrtagnetic field distribution. 

As a result, while keeping the MFD of the disper- 
sion-shifted fiber at a small value, the effective core 
aoss-sectional area Aqa can be made greater, thereby 
10 the nonlinear optical phenomena can be reduced with- 
out inaeasing bending loss. 

The dispersion-shifted fiber accading to the 
present invention is a dispersion-shifted fiber wtiose 
zero-dispersion wavelength is shifted from the center 
15 wavelength (1.550 nm) of the above-mentioned 1.55- 
Jim wavelength band by a predetermined anKXint. Thus, 
as the effective core aoss-sectional area A^u is 
enlarged while the zero-dispersion wavelength is 
shifted, signals can be nrxxe effectively restrained from 
20 deteriorating due to four-wave mixing. 

The present invention will be mare fully understood 
from the detailed desaiption given hereinbelaw and the 
acconrpanying drawings, which are given by way of 
illustration only and are not to be considered as limiting 
25 the present invention. 

Further scope of applicability of the present Inven- 
tion will become apparent from the detailed desaiption 
given hereinafter- However, it should be understood that 
the detailed desaiption and specific examples, while 
30 indicating preferred embodiments of the invention, are 
given by way of illustration only, since various changes 
and modifications vrithin the spirit and scope of the 
invention will be apparent to those skilled in the art from 
this detailed description. 

35 

pPIFF nFRORIPTION O P THE DRAWINGS 

Rg. 1 is a view showing a cross-sectional structure 
of a dispersion-shifted fiber according to a first 
40 embodiment of the present invention and its refrac- 
tive index profile in a diameter direction; 
Fig. 2 is a graph showing, in a disperston-shifted 
fber having a refractive index profile of a ring- 
shaped core structure, changes in effective core 
45 aoss-sectional area Agn and MFD when its core 
diameter 2b (outside dian^ter of the outer core) is 
changed; 

Fig. 3 is a graph showing, in a dispersion-shifted 
ftoer having a refractive index profile of a ring- 
so shaped core structure, changes in cutoff wave- 
length Xc and dispersion slope at a ftoer length of 2 
m when its core diameter 2b (outside diameter of 
the outer core) is changed; 
Rgs. 4 to 7 eu-e graphs for explaining chemges in bit 
55 error rate (BER) caused by changes in dispersion 
slope, respectively showing those at dispersion 
slopes of 0.03 ps/nm^/km. 0.05 ps/nm^/km. 0.09 
ps/nm^/km. and 0.12 ps/hnf/km; 
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Fig. 8 is a view tor explaining Q value; 
Fig. 9 is a view tor explaining an optical power dis- 
tribution tn the ftmdamental nnode of signal Kght In 
the dispersion-shifted fber of Fig. l (including its 
cross-sectiortal structure and its refractive irxjex 5 
profile ki a diameter direction); 
Rg. 10 is a view for explaining an optical power dis- 
trOxrtion in the fundamental mode of signal light in a 
dispersion-shifted fiber according to a comparative 
example of the first embodiment Gncludtng its io 
cross-sectional structure and its refractive index 
profile in a diameter direction); 
Rgs. 11 and 12 are views each showing a cross- 
sectional structure of a dispersion-shifted ftoer 
according to a modified example of the first embod- is 
iment and its refractive index profile in a diameter 
direction; 

Fig. 13 is a view showing a cross-sectional struc- 
ture of a dispersion-shifted fber according to a sec- 
ond emtxxJiment of the present invention and its 20 
refractive Irxiex profile in a diameter direction; 
Fig. 1 4 is a view for explaining an optical power dis- 
tribution in the fundamental mode of the signal light 
in the dispersion-shifted fiber of Fig. 13 (including 
its cross-sectional structure and its refractive index 25 
profile in a diameter direction) ; 
Rgs. 15 and 16 are views each showing a cross- 
sectional structure of a dispersion-shifted fber 
according to a rrxxJrfied example of the second 
embodiment and its refractive index profile in a so 
diameter direction; 

Rg. 17 is a table for explaining tolerances of struc- 
tural parameters for realiring various characteris- 
tics of the dispersion-shifted fber according to the 
present invention; 35 
Rg. 18 is a graph showing a relationship between 
the outside diameter of the inner core and the out- 
side diameter of the outer core for reaPzing various 
characteristics of the dispersion-shifted fber 
according to the present invention; 40 
Rg. 19 is a graph showing an electromagnetic field 
distribution (corresponding to an optical power dis- 
tribution) in a diameter direction in the dispersion- 
shifted fber according to the present invention; 
Rg. 20 is a graph showing a relationship between 45 
distance (^m) from the center of the core region to 
a position where the electromagnetic field value 
(corresponding to optical power) is maximised and 
MFD Oxm) in the dispersion-shifted fber according 
to the present invention; so 
Rg. 21 is a graph showing a relationship between 
distance (|im) from the center of the core region to 
a position where the electromagnetic field value 
(corresporxling to optical power) is maximized and 
ino-ease in loss (dB/km) called by microbend; ss 
Rg. 22 is a table showing various characteristica of 
spedfic sarrples In the dispersion-shifted fber 
according to the present invention; 



Rg. 23 is a graph showing an example of refractive 
index profDe in the dispersion-shifted fber accord- 
ing to the present invention and its optical power 
distrttxition along a diameter direction thereof; and 
Rgs. 24 to 27 are views showing examples of 
refractive index profile applicable to the dispersion- 
shifted fiber according to the present inverrtion. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the following, embodiments of the dispersion- 
shifted fiber according to the present invention will be 
explained with reference to Figs. 1 to 27. In the explana- 
tion of the drawings, constituents identical to each other 
will be referred to with numerals identical to each other 
without their overlapping descriptions being repeated. 

Emtygdim^nt 1 

Rg. 1 is a view showing a cross-sectional structure 
of a dispersion-shifted fber according to a first embodi- 
ment of the present invention and its refractive index 
profile in a diameter direction. AS shown in Fig. 1 , this 
dispersion-shifted fber 100 is a single-mode optical 
fber mainly composed of silica glass for propagating 
signal light in a wavelength band of 1.55 ^m (1.500 to 
1.600 nm), comprising an inner core 1 1 1 having an out- 
side diameter of 2a and a refractive index of n^ ; an outer 
core 112 disposed around the outer periphery of the 
inner core 111 arid having an outside diameter of 2b 
(i.a, diameter of a core region 110 is 2b) and a refrac- 
tive irdex of n2 (> n^); and a cladding region 210 dis- 
posed around the outer periphery of the outer core 112, 
having a refractive index of (< na). Here, the core 
region 1 10 is constituted by the inner core 1 1 1 and the 
outer core 1 12. Also, a refractive index profile 101 indi- 
cates refractive index at each part on line LI in the 
drawing. 

The dispersion-shifted fber 100 is set such that, as 
characteristics at a wavelength of 1 ,550 nm. its absolute 
value of dispersion is within the range of 1 .0 to 4.5 
ps/nnVkm. dispersion slope is within the range of 0.05 to 
0.09 ps/hm^/Km, effective core cross-sectional area is at 
least 70 ^im^, arxl cutoff wavelength at 2 m length is at 
least 1 ,300 nm. 

In a preferred example thereof, when the refractive 
irKlex n^ equals to the refractive index ns (i e., relative 
refractive index difference An2 of the \nn& core 111 with 
respect to the cladding region 210 is zero), the relative 
refractive index difference An^ of the outer core 112 with 
respect to the cladding region 210 which is defined by: 

An^^{n^^-n^^)f{2n^^) (4) 

is 1.5%. the core diameter (outside diameter 2b of the 
outer core 1 12) 9 ^m. and ratio Ra (« a/b) of the out- 
side diameter 2a of the inner core 111 to the diameter 
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2b of the core region 110 is 0.6; obtained at a wave- 
length of 1,550 nm are: 



dispersion (ps/nm/km) 


•2.28 


dispersion slope (ps/hm^/Km) 


0.082 


effective core aoss-sectional area iurr?) 


78.2 


MFD(^m) 


6.2 


cutoff wavelength (nm) at 2 m length 


2.510. 



In this specification, each relative refractive index differ- is 
ence ts indicated by percent 

In this preferred example, the cutoff wavelength is 
2.510 nm. thus failing to guarantee single-mode propa- 
gation of signal light in the 1.55-^m band at a fber 
length of 2 m. Nevertheless, since the cutoff wavelength 20 
becomes shorter as the transmission distance 
increases, the cutoff wavelength becomes shorter than 
the wavelength of signal light in the case of long-haul 
transmission such as that on the order of 1 .000 km, thus 
leavir^ no problem in practice (allowing single-mode 25 
propagation to he guaranteed). 

Rg. 2 is a graph showing changes in effective core 
cross-sectional area Aeff arid MFD when the core diam- 
eter 2b (corresponding to outside diameter of the outer 
core 112) is changed. In Fig. 2. the relative refractive 30 
index difference An^ is 1.5%. and Ra (^ a^b) is 0.6. 

It can be seen from Fig. 2 that within the range 
where the core diameter 2b is not greater than 4 ^m, 
both effective core cross-sectional area Aeff and MFD 
decrease as the core diameter 2b inaeases. Within the 35 
range where the core - diameter 2b is greater than 4 
^m. t3Y contrast it can be seen that, as the core diame- 
ter 2b increases. whDe the MFD deaeases. the effective 
core cross-sectional area A^ff increases. Namely. K can 
be seen that there are two values of core diameter 2b 40 
yielding the same effective core cross-sectional area 

Rg. 3 is a graph showing changes in cutoff wave- 
length Xc and dispersion slope at a fitter length of 2 m 
when the core diameter 2b (corresponding to outside 45 
diameter of the outer core 2b) is changed. In Rg. 3. the 
relative refractive index difference An^ is 1.5%, and Ra 
(b aA>) is 0.6. 

It can be seen from Rg. 3 that the cutoff wav^ength 
X« becomes longer as the core diameter 2b increases, so 
On the other harxi, it can be seen that as the core diam- 
eter 2b increases, the dispersion slope decreases 
within the range where the core diameter 2b is not 
greater than 4 imi. trKreases within the range where the 
core diameter 2b greater than 4 |im and not greater ss 
than 7 ^nt and decreases again within the range where 
the core cfiameter 2b Is greater than 7 im 

Accordingly, it can be seen from Rgs. 2 and 3 that. 
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in general, when setting the effective core cross-sec- 
tional area A^ff to a predetenmined value, a desired 
value of cfispersion slope can be selected from two dif- 
ferent dispersion slope values. 

Rgs. 4 to 7 are views for explaining changes in bit 
error rate (BER) at 5 Gbps acoorrpanying changes in 
dispersion slope. Upon measurement, for transmitting 
16 waves of signal light (center wavelength is 1.557.2 
nm, wavelength interval is 0.55 nm), while the disper- 
sion value at the center wavelength is -2 ps/nm/km and 
the effective core cross-sectional area is 70 ^m?. the 
dispersion slope (ps/nm^/Km) is changed among 0.03 
(see Fig. 4). 0.05 (see Rg. 5), 0.09 (see Rg. 6), and 
0.12 (see Fig. 7). Also, the transmission distance of the 
dispersion-shifted fiber to be measured is set to 9,000 
km, while optical f bers for dispersion conrtpensation (in 
practice, single-mode optical f it)ers for the band of the 
1.3-fim band, whose dispersion value at the center 
wavelength is 18 ps/nm/km) are inserted therein at 
intervals of 400 km in order to nullify accumulated dis- 
persion at the center wavelength. In each of Rgs. 4 to 7, 
the ordinate indicates Q value which is a value equiva- 
lent to bit error rate., 

Rg. 8 is a view for explaining the above-mentioned 
Q value. As shown in Fig. 8. in an eye pattern of a wave- 
form of signal light at a receiving end, the Q value is 
defined by: 

Q (dB) = 10 X log [(vi - Vo)/(ai + oq)] (5) 

wherein vq is a mean value of light intensity at logic "0" 
level, CTo is a standard deviation of light intensity at logic 
level. vi is a mean value of light intensity at logic "1 
level, and is a standard deviation of light intensity at 
logic T level. 

Here, when transmitting light BER of 10"® or less in 
the at}Ove-mentioned transmission distance is a suffi- 
cient performance. The BER of 10'^ or less is equivalent 
to a Q value of 15.7 dB or more. 

As can be seen from Rgs. 4 to 7, the Q value dete- 
riorates nrvDre at center channels when the dispersion 
elope value is smaller, while it deteriorates more at 
longer wavelength regions when the dispersion slope 
value is greater. It seems to be because four-wave mix- 
ing is likely to occur at wavelengths in the vicinity of the 
center channel when the dispersion dope value is 
small; and because, as the dispersion value Increases 
in a k>ng-wavelength region such as channel numbers 
of 14 to 16 when the dispersion slope value is large, a 
synergistic effect of greatly accumulated dispersion and 
self-phase nxxjulation is generated. 

Accordingly, it can be seen that there is an appro- 
priate dispersion slope value for reducing BER in a 
waveler^gth t>and of signal light i-e., for improving the Q 
value in this wavelength band. Specifically, it can be 
seen from Rgs. 4 to 7 that, the dispersion slope value 
where BER becomes 10'^ or less, which is considered 
to be a sufficient performance as mentioned above, is 
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from 0.05 to 0.09 ps/hm^/km. 

Fig. 9 a view for explaining an optica] power dis- 
tribution in the fundamental mode of signal light in the 
atX3ve-merttioned preferred example. As shown in Rg. 
9. In a aoss section perpendicular to the wave-guiding 
direction of signal light, the part where the optical power 
distrttxition in the furxlamental mode of signal 
light(eQuivalent to the electromagnetic field distrbution 
accompanying the propagation of signal light) is maxi- 
mized is set at a position radially separated from the 
center of the core region 110. 

When tiie optical power in the fundamental nnode of 
signal light at the center of the core region 1 1 0 is Pq and 
that the maximum value of optical power distribution is 

tiie following expression stands: 

P^ o 5.5 X Pq > 1.2 X Pq (6) 

Thus, the above Pi satisfies the condition of the above- 
mentioned expression (3). 

Fig. 10 is a view for explaining an optical power dis- 
trttxition in tiie fundamental mode of signal light in an 
optical fber according to a comparative example in 
which Hs relative refractive index differerx;e Ani is 1.5% 
(n^ o Ha) and Ra (» eJb) is 0.6. while it has the same 
effective core aoss-sectional area A^ff (= 78 ^un^) as 
that of tiie dispersion-shifted fber shown in Fig. 9. 

As shown in Fig. 10, the optical fiber according to 
the comparative example comprises an inner core 191 
having an outside diameter (2a) of 1.36 ^m and a 
refractive index of n^; an outer core 192 disposed 
around the outer periphery of tiie inner core 191 and 
having an outside diameter (2b) of 2.26 ptm (i.e.. diame- 
ter of a core region 190 is 2.26 \im) and a refractive 
index of n2 (> n^): and a cladding region 290 disposed 
around the outer periphery of the outer core 192 cmd 
having a refractive index of na (< n2). Here, the core 
region 190 is constituted by the inner core 191 and the 
outer core 192. 

As can be seen from Fig. 10. in the optical fber 
according to the comparative example, in a cross sec- 
tion perpendicular to the wave-guiding direction of sig- 
nal light the optical power distribution in the 
fundamental mode of signal light is maximized at the 
center of tiie core region 190. 

When the optical power in the fundamental mode of 
signal light at tiie center of the core region 1 90 is Pq and 
that tiie maximum value of optical power distribution in 
the fundamental mode of signal light is , the following 
expression stands: 

Pi«Po<1.2xPo (7) 

Thus, tiie above P^ fails to satisfy the condition of 
the above-mentioned expressbn (3). 

This optical fber has a dispersion slope of 0.126 
ps/hnf /km and thus cannot attain the atXTve-mentioned 
favorable BER. 



By contrast, in tiie dispersion-shiftod fiber of Rg. 9. 
tiie optical power distritxition In the radial direction in the 
fundamental mode has a depression at the center part. 
Therefore, by positively adopting a refractive index pro- 

s fie wNch yields such a power distribution as shown in 
Fig. 6. a dispersion-shifted fiber having a large effective 
core cross^ectional area Agf) and a small dispersion 
slope can be realized. 

Though the foregoing explanation of the first 

10 embodiment relates to a refractive index prof Qe in which 
the refractive index n^ of the inner core 1 1 1 is the same 
as the refractive index of tiie cladding region 21 0, the 
refractive index profile can also be such that, as shown 
in Fig. 11, the refractive index n^ is greater than the 

15 refractive index n3. Alternatively, as shown in Rg. 12, 
the refractive index profile can be such that refractive 
index n^ is less than refractive index na. 

For example, in the dispersion-shifted fiber shown 
in Fig. 12, when the relative refracttve index difference 

20 An^ of tiie outer core 1 12 with respect to the cladding 
region 210 which is defined by: 

An,=(n2^.n3 V(2n3^) (8) 

2$ is 1.1%. relative refractive index difference Ana oi tiie 
inner core 1 1 1 with respect to the cladding region 210 
which is defined by: 

An2 = (ni2-n3 V(2n3^) (9) 

30 

is -0.6%, the core diameter 2b (outside diameter of the 
outer core) is 6.8 ^mi, and ratio Ra (= a/b) of the outside 
diameter 2a of the inner core 111 to the diameter 2b of 
tiie core region 1 10 is 0.6; obtained at a wavelength of 
35 1.550 nm are: 



dispersion (ps/rvtVkm) 


-2.18 


dispersion slope (ps/nm^/km) 


0.086 


effective core cross-sectional area (jim^) 


81.4 


MFD (um) 


7.6 


cutoff wavelengtti (nm) at a length of 2 m 


1,500. 



In tills example, the cutoff wavelength at 2 m length 
is 1 ,500 m, which is shorter than the wavelength of sig- 
60 nal light in tiie 1 .55-jim band, thus maWng rt usable for 
short-haul transmission as well. 

Second Emtxxjiment 

55 Rg. 13 is a view showing a cross-sectional struc- 
ture of a dispersion-Ghifted f it>er according to a second 
embodiment of the present invention and its refractive 
index profile in a diameter direction. As shown in Rg. 
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13, this dispersion-shtfted fber 200 is a single-mode 
optical fiber for propagating signal Ugtit in ttie 1 .5&-Mnri 
wavelength band and. in particular, has a refractive 
index profile 201 of a d^ressed dadding/ring-shaped 
core structure Namely, the dispersion-shifted fber 200 
of the second eml30dimem comprises an inner core 1 21 
having an outside diameter of 2a and a refractive index 
of n^: an outer core 122 disposed arourxj the outer 
periphery of the inner care 121 arxj having an outside 
diameter of 2b (i.e.. diameter of a core region 120 is 2b) 
and a refractive index of n2 (> n^: an inner cladding 221 
disposed around the outer periphery of the outer core 
122 arKJ having an outside diameter of 2c and a refrac- 
tive index of na (< r\z): and an outer cladding 222 dis- 
posed around the outer periphery of the inner cladding 
221 and having a refractive index of Oj (> ns). Here, the 
core region 1 20 is constituted by the inner core 121 and 
the outer core 122. whereas a cladding region 220 is 
constituted by the inner cladding 221 and the outer clad- 
ding 222. Also, a refractive index profile 201 indicates 
refractive index at each part on line L2 in the drawing. 

The dispersion-shifted fiber 200 is set such that as 
characteristics at a wavelength of 1 .550 nm, its absolute 
value of dispersion is writhin the range of 1.0 to 4.5 
ps/nm/km. dispersion slope is within the range of 0.05 to 
0.09 ps/nm^/km. effective core cross-sectional area is at 
least 70 nm^. and cutoff wavelength at 2 m length is at 
least 1.300 nm. 

In a preferred example thereof, wrfien the refractive 
index n^ equals to the refractive index ns, the relative 
refractive index difference An-i of the outer core 1 22 with 
respect to the outer cladding 222 which is defined by: 



An. 



= {n2'-n4^)/(2n4') 



(10) 



is 1.1%, relative refractive index difference An2 of the 
inner core 121 with respect to the outer dadding 222 
which is defined by: 



An2=(ni^.n4^)/(2n4^) 



(11) 



is -0.4%. the core diameter 2b (outside diameter of the 
outer core 122) is 9 nm. ratio Ra (« a/b) Of the outside 
diameter 2a of the inner core 121 to the diameter 2b of 
the core region 120 is 0.6, and the outside diameter 2c 
of the inner dadding 221 Is 18 ^m; obtained at a wave- 
length of 1,550 nm are: 



dispersion (ps/nm/km) 


-2.62 


dispersion slope (ps/hm^/km) 


0.076 


effective core aoss-sectional area (^nf ) 


80.1 


MFD(nm) 


6.3 


cutoff wavelength (nm) at a length of 2 m 


1,702. 



In this preferred example, the cutoff wavelength is 
1 .702 nm, thus tailing to guarantee single-mode propa- 
gation of signal light in the 1 .55-jim band at 2 m length. 
Nevertheless, since the cutoff wavelength becomes 
5 shorter as the transmission distance increases, the cut- 
off wavelength become shorter than the wavelength of 
signal light in the case of long-haul transmission such 
as that on the order of 1.000 km. thus leaving no prob- 
lem in practice. 

10 In a dtspersion-shffted fber having a refractive 
index profile of a depressed cladding/ring-shaped core 
structure such as that of the second embodiment, when 
the core diameter 2b is changed, tiie effective core 
cross-sectional area Aeff and MFD would change simi- 

75 larly to those in the first embodiment, i.e. as shown In 
Fig. 2, Accordingly, also in the case of such a disper- 
sion-shifted fiber, there are two values of core diameter 
2b yielding the same effective core cross-sectional area 
Aoff. 

20 Also, in a dispersion-shifted fiber having a refractive 
index profile of a depressed cladding/ring-shaped core 
structure such as that of the second embodiment, when 
the core diameter 2b is changed, the cutoff wavelengtii 
Xc at 2 m length and dispersion slope would change in a 

25 manner similar to those in the first embodiment i.e., as 
shown in Rg. 3. Accordingly, also in the case of such a 
dispersion-shifted fiber, in order to attain a predeter- 
mined value of effective core aoss-sectional area Aeff, 
in general, a desired dispersion slope value can be 

30 selected from two different dispersion slope values. 

Further, in a dispersion-shrfted fiber having a 
refractive index profile of a depressed cladding/ring- 
shaped core structure such as that of the second 
embodiment, when the dispersion slope is dwnged, 

35 BER at 5 Gbps woukJ change in a manner similar to ttiat 
in the first embodiment i.e., as shown in Rgs. 4 to 7. 
/^coordinfijy. also in the case of such a dispersion- 
shifted fiber, the dispersion slope value at which BER 
becomes 10*^ or less is from 0.05 to 0.09 ps/nm^/km. 

40 Rg. 1 4 is a view for explaining an optical power dis- 
tribution of signal light in a fundamental mode in a pre- 
fen-ed example of the second embodiment As shown in 
Rg. 14, which is similar to Rg. 9, in a cross section per- 
pendicular to the wave-guiding direction of tiie signal 

45 light, the part where tiie optical power distritwtion of sig- 
nal lisN in the fundamental mode is maximized is set at 
a position radially shifted from the center of the core 
region 120. 

When tfie optical power in tiie fundamental mode of 
50 signal light at the center of the core region 120 is Pq and 
ttiat the maximum value of optical power distribution is 
Pi. the following expression stands: 



P - B 5.3 X Po > 1.2 X P( 



(12) 



55 



Thus, the above Pi satisfies the condition of the 
above-mentioned expression (3). 

With respect to a dispersion-shifted ftoer having a 
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refractive index profile of a depressed dadding/iring- 
shaped core structure such as that of the second 
enrix)dtment; in an optical fiber of a oomparative exanv 
pie in which the relative refractive index cfifference An^ Is 
1.1%, the relative refractive index difference Ana is * 
0.4%, and Ra (« a/b) is 0.6. while it has the same effec- 
tive core cross-sectional area A^h (= 80.1 ^m^ as that 
of the dispersion-shifted fiber shown in Fig. 14. the opti- 
cal power distribution in the fundamental mode of signal 
tight in a cross section perpendicular to the wave-guid- 
ing direction of the signal Gght is maximized in the vicin- 
ity of the center of the core region, thereby its dispersion 
slope cannot attain the above-mentioned favorable 
BER. 

By contrast in the dispersion-shifted fiber of Fig. 
14, the optical power distribution in the radial direction in 
the fundamental mode has a depression at the center 
part When a refractive index yielding such an optical 
power distribution is positively utilized, a dispersion- 
shifted fiber having a large effective core cross-sec- 
tional area A^tf ^ small dispersion slope can be real- 
ized. 

Though the foregoing explanation of the second 
enrtKxJiment relates to a refractive index profie in which 
the refractive index n^ of the inner core 121 is the same 
as the refractive index r>3 of the inner cladding 221 . the 
refractive index profile can also be such that as shown 
in Rg. 15, the refractive index n^ is greater than the 
refractive index 03. Alternatively, as shown in Rg. 16, 
the refractive index profile can be such that the refrac- 
tive index n^ is less timn the refractive index n3. 

In the dispersion-shifted fiber having a depressed 
dadding structure as shown in Rgs. 15 and 16, each of 
a width and a deptii of a depression to be provided in 
the above refractive index profile should be set within an 
appropriate range. The width of depression corre- 
sponds to a thickness (c-b) of the inner dadding in a 
diameter direction of the f ber and the depth of depres- 
sion corresponds to a relative refractive irxlex difference 
of the inner cladding witii respect to tiie outer dadding. 

Since the dispersion-shrfted fiber having a refrac- 
tive index proffle of a depressed dadding structure has 
an effect to deaease undesired 2-mode light as conv 
pared with tiie dispersion-shifted fiber having a matched 
dadding structure without a depression. H is effective to 
make a cutoff wavelengtii of 2-nfKxJe light become short 
However, in tiie refractive index prof fle of the depressed 
dadding structure, when a widtii, which corresporxls to 
a thickness (c-b) of tiie inner dadding. of a depression 
to be provided therein becomes too narrow (namely, the 
value 2c/2b approaches 1} or when a width of a depres- 
sion provided therein becomes too wide (namely, the 
value 2c/2b becomes too large), an effect of the 
depressed dadding structure with respect to the 
matched dadding structure can not be obtained. There- 
fore, it is necessary that the inner dadding has an 
appropriate outer diameter to the outer core, and it is 
preferable that the dispersion-shifted fber having a 



refractive index profile of a depressed dadding/ring- 
shaped core structure satisfies tiie following relation- 
ship: 

5 1.2^2c/2b^2.2. 

Additionally, in the dispersion-shifted fiber according to 
tiie present invention, it is necessary for tiie relative 
refractive index difference An^ of the outer core with 
10 respect to the dadding region (or outer cladding) arxJ 
the relative refractive index difference Ana of ttie inner 
core witii respect to the cladding region (or outer dad- 
ding) to satisfy tiie following relationship: 



IS 



30 



35 



An, - An 2 ^ 1%. 



Namely, since the dispersion value of the disper- 
sion-shifted f toer depends, in a refractive index profile in 
a diameter direction within its core region, on the 

20 amount of depression (An^ - ^2) a depressed area 
corresponding to the core center region; in order to 
obtain a sufficient dispersion value, at least tiie amount 
of depression is required to be 1.0% or more. 

For example, in the dispersion-shifted fiber having a 

25 refractive index profile as shown in Rg. 16, when the rel- 
ative refractive index difference An^ of the outer core 
122 with respect to the outer dadding 222 which is 
defined by: 



An^=(n2^-n4V(2n4^) 



(13) 



is 0.97%, relative refractive index difference An2 of the 
inner core 121 with re^>ect to tiie outer dadding 222 
which is defined by: 



An2 = (n/-n4 V(2n4^) 



(14) 



is -0.45%. relative refractive index difference An^ of the 
inner dadding 221 witti respect to the outer dadding 
4C 222 which is defined by: 



An3 = (n3^-n4 V(2n4^) 



(15) 



is -0.20%, tiie core diameter 2b (outside diameter of tiie 
45 outer core 122) is 8 um, ratio Ra (=aA)) of tiie outside 
diameter 2a of tiie inner core 121 to the diameter 2b of 
the core region 120 is 0.6, and ratio (2c/2b) of tiie out- 
side diameter 2c of the inner dadding 221 to the outside 
diameter 2b of tiie core region 120 is 2.0; obtained at a 
60 wavelengtii of 1 ,550 nm are: 



65 



dispersion (ps/nm/km) 

dispersion slope (ps/nm^/km) 

effective core cross-sectional area (nm?) 



-1.88 
0.077 
83.0 
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(continued} 



MFDOim) 

cutoff wavelength (nm) at a length of 2 m 



7.2 
1,473. 



When the optical power in the fundamental mode of 
signal light at the center of the core region 1 20 Is Pq and 
that the maximum value of optical power distribution is 
Pt, the following expression stands: 

P^ a3.6xPo>1.2xPo 

Thus, the above Pi satisfies the condition of the 
at)ove*merTtioned e)qpression (3). 

Further, when the relative refractive index differ- 
ence Ani of the outer core 122 with respect to the outer 
cladding 222 wtiich Is defined by: 

An^ =(n2^-n4^)/(2n4 2) 

is 0.90%, relative refractive index difference Ang of the 
inner core 121 with respect to the outer cladding 222 
which is defined by: 

An2 = (ni^-n4^)/(2n4^) 

is -0.45%. relative refractive index difference An2 of the 
inner cladding 221 with respect to the outer cladding 
222 which is defined by: 

An3 = (n3^-n4 2)/(2n4^) 

is -0.45%. the core diameter 2b (outside diameter of the 
outer core 122) is 8.3 ^lm, ratio Ra (« a/b) of the outside 
diameter 2a of the inner core 121 to the diameter 2b of 
the core region 120 is 0.6, and ratio (2c/2b) of the out- 
side diameter 2c of the inner cladding 221 to the outside 
diameter 2b of the core region 120 is 1 .5; obtained at a 
wavelength of 1 ,550 nm are: 



dispersion (ps/hm/Km) 


-2.19 


dispersion slope (psAim^/km) 


0.069 


effective core cross-sectional area Oim^) 


77.2 


MFDOim) 


7.0 


cutoff wavelength (nm) at a length of 2 m 


1,476. 



When the optical power in the fundamental mode of 
signal light at the center of the core region 120 is Pq and 
that the maximum value of optical power distribution is 
Pi. the following expression stands: 



P- «3.2xPn>1.2xP. 
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Thus, the above Pi satisfies the condition of the 
above-mentioned expression (3). 

Further, decreasing (or '^creasing the al>solute 
value thereof when ne^tive) the relative refractive 
5 index difference An2 of the inner core with respect to the 
cladding region (or outer dadding) is effective in short- 
ening its cutoff wavelength. Accordingly, when short- 
haul optical transmission is taken into consideration, it is 
necessary for Ang to be -0.4% or smaller in (xder to 
10 attain a cutoff wavelengtii of 1 ,550 nm or shorter at 2 m 
(16). length. 

As various characteristics yielding each dispersion- 
shifted fber mentioned above, tolerances of Ani, An2. 
Ra (= 2a/2b), and 2b are shown in Figs. 17 and 18. In 
15 tiie case of a dispersion-shifted fiber having a refractive 
index of a ring-shaped core Structure, Ani is the relative 
refractive index difference of the outer core wrth respect 
to tiie cladding region, whereas An2 is the relative 

(17) refractive index difference of the inner core with respect 
20 to the cladding region. In the case of a dispersion- 
shifted fiber having a refractive index of a depressed 
daddlng/rlng-shaped core structure. Ani is the relative 
refractive index difference of the outer core with respect 
to the outer dadding. whereas An2 is the relative refrac- 

(1 8) 25 tive index difference of tiie inner core with respect to the 
outer dadding. 

As can be seen from ttie table of Fig. 1 7, In order to 
obtain the atjove-merrtioned various characteristics, it is 
necessary for the outside diameter 2a of the inner eore 
30 and tiie outside diameter 2b of the outer core (meaning 

(1 9) as core diameter) to satisfy the following relationships: 

0.4 ^ Ra (= 2a/2b) ^ 0.8 

35 5 nm ^ 2b ^ 14 nm. 

The above relationships do not depend on tiie rela- 
tive refractive index differences Ani and An2. When 
these relationships are not satisfied, the above-men- 
40 tioned various characteristics of tiie dispersion-shifted 
ftoer cannot be obtained. In the graph of Fig. 18, the 
hatched area is a region where the outside diameter 2a 
of tiie inner core and the outside diameter 2b of the 
outer core (meaning as core diameter) satisfy the 
45 above-mentioned relationships. For example, (a) when 
the values of Ra (- 2Qj23b) and 2b are in the area indi- 
cated by A in Rg. 18. the dispersion slope value 
becomes too large; (b) in tiie area indicated by B 
therein, the effective core aoss-sectional area Aeff 
so becomes too large, and bending loss increases; (c) in 
the area indicated by C therein, the dispersion value 
becomes too large; and (d) in the area indicated by D 
therein, the effective core cross-sectional area Aeii 
becomes too small. 
55 As explained in tiie foregoing, since the dispersion- 
shifted fiber according to the present invention is set 
(20) such that as various characteristics at a wavelengtii of 
1 ,550 nm. the absolute value of dispersion is wfthin the 
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range of 1.0 to 4.5 pG/nm/ton, the effective core cross- 
eectionat area Aeff is at least 70 ^mf . the cutoff wave- 
length at 2 m length is at least 1 ,300 nm. and the disper- 
sion slope is within the range of 0.05 to 0.09 ps/hm^/km; 
it can realize high-quality long-haul optical transmission. 
whOe effectively restraining nonlinear optical effects 
from occurring. 

Further, since the dispersion-shifted fiber according 
to the present invention has a refractive index profOe of 
a ring-shaped core structure Occluding a refractive 
Index profile of a depressed cladding/ring-shaped core 
structure), the dispersion-shifted fiber having the above 
characteristics at the wavelength of 1550 nm can be 
realized favorably. 

Moreover, the refractive index profile of the disper- 
sion-shifted fber according to the present invention is 
adjusted such that the position where the optical power 
distribution in the fundamental mode of signal light is 
maximized is radially separated from the center of the 
core region by a predetermined distance Specifically, 
the inventors prepared a plurality of optical fber sam- 
ples each having a form of electromagnetic field distri- 
bution (equivalent to the optical power distribution) 
which can be approximately regarded as a Gaussian 
distribution, while the positton where the electromag- 
netic field distribution is maximised is separated from 
the center of the core region by a predetermined dis- 
tance. Rg. 19 is a graph showing a typical example of 
electromagnetic field distribution in thus prepared plu- 
rality of optical fber sarrples. In this graph, the electric 
field amplitude indicated in the ordinate is standardized 
with its maximum value taken as 1 . 

Of thus prepared optical ftoer samples, the inven- 
tors further selected having an effective core cross-sec- 
tional area A^h of about 80 ^m^, and investigated the 
relationship t^etween the distance from the position of 
the maximum electromagnetic field distribution to the 
center of the core region and the mode field diameter 
(MFD). Fig. 20 IS a graph showing the dependence of 
MFD on distance, whereas Rg. 21 is a graph showing 
the dependence of loss caused by iricrobend on dis- 
tance. As shown in Rg. 20, within the range where the 
distance from the center of the core region to the maxi- 
mum position of electromagnetic field dtstrbution is 
from about 0.5 ^m to about 2.5 nm, MFD decreases as 
the distance increases, from which it has been oon- 
f tmned that the dispersion-shifted fiber according to the 
present invention can reduce MFD while keeping an 
effective core cross-sectional area Aeff equivalent to 
that in the converrtional optical fiber. 

On the other harxJ, as shown in Rg. 21, the longer 
is the distance from the center of the core region to the 
position where the elec^omagnetic field distribution is 
maximized, the snnaller becomes the loss caused by 
microbend. Accordingly, when the microbend loss is 
taken into consideration, the above-mentioned distance 
should preferably t>e made as long as possible. Never- 
theless, when this distance exceed 5 ^m. the cutoff 



wavelength extremely shifts to the longer wavelength 
side than the signal light wavelength, thus failing to 
secure single-nxxle optical transmission. 

In view of the foregoing, the dispersion-shifted fiber 
5 according to the present invention is designed such that 
the position where the optical power distribution of sig- 
nal light in the fundamental mode is maximized is radi- 
ally separated from the center of the core region by 0.5 
nm to 5 ^m. 

10 Rg. 22 shows results of measurement of various 
characteristics with respect to light having a wavelength 
of 1.55 pm (1.550 nm) in two samples each having a 
refractive index profile of a single<ing structure. In this 
tatiie, An" an An* respectively refer to relative refractive 

75 index differences of the inner and outer cores with 
respect to the cladding region which are defined as: 

An' = (nT=^-n^^2)y2n^/ (21) 

eo An* = (n2'-n^,^'^)/2nc„^ (22) 

wherein n^ is the refractive index of the inner core, na is 
the refractive index of the outer core disposed around 
the outer periphery of the inner core, and ncw is the 

25 refractive index of the cladding region disposed around 
the outer periphery of the outer core, each of which is 
expressed in terms of percentage. Also, since the 
refractive indexes in each equation can be placed in 
random order, when the relative refractive index differ- 

30 ence has a negative value, it means that the refractive 
index of the corresponding glass region is kjwer than 
that of the cladding region. In the case of a refractive 
index profile of a depressed cladding structure, the 
above-mentioned reference refractive index ncw is 

3S refractive index of the outer cladding in the cladding 
region. 

In addition, nonlinear refractive index N2 in 
this table is defined as follows. Namely, refractive index 
<N ) of a medium under strong light varies depending on 
40 the optical power. Accordingly, the effect of the mini- 
mum-order on this refractive index (N > is: 

(N) = (Nq) + <N^> • (23) 

45 wherein 

CMq) is a refractive index with respect to linear 
polarization; 

Osia) is a nonlinear refractive index with respect to 
60 third-order linear polarization; and 

E is an optical electric field amplitude. 

Under strong light the refractive index (N) of 
the medium is given by the sum of the normal 
ss value (N© ) and an increase which is proportional te the 
square of optical electric field amplitude E. In particular, 
the constant of proportion (Ng) (unit: nf/V^) in the sec- 
ond term is called nonlinear refractive index. 
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Fig. 23 is a graph showing a relationship between 
the refractive Index protHe of sample 1 shown in the 
table of Rg. 22 and its optical power along a radial direc- 
tion from the center. The value of optical power is stand- 
ardized with the maxinuim value taken as 1. and 
indicated as the optical power is its furxlamental mode 
(LPOI) and second-ortler mode (LP11). Also, eac^ of 
samples 1 arxi 2 has a single-ring structure, whereas 
germanium oxide is added to pure siGca glass in the 
vicinity of the glass part (outer core) where the refractive 
index is maxirruzed, which is disposed outside the core 
center (inner core), thus increasing the refractive index. 
By contrast, in the vicinity of the core center (inner 
core), pure silica glass is doped with fluorine, so that 
refractive index is lowered. 

With respect to light having a wavelength of 1 .55 
um (the center wavelength of 1.55-jim wavelength 
band: 1 .550 nm). the optical fiber of sample 1 yields an 
effective core cross-sectional area A^ff of 87 \xtr? and 
an MFD of 11 2 |im. thus being capable of reducing the 
MFD by about 20% as compared with the conventional 
optical fiber having the equivalent effective core cross- 
sectional area Aeff, which yields an MFD of about 13 
Jim. 

Further, in order to evaluate loss caused by 
microberxj. the inventors wound the dispersion-shifted 
fiber of sample 1 around a reel having a diameter of 280 
mm and a surface provided with sandpaper, and meas- 
ured fluctuations in loss before arKi after winding. As a 
result it has been confirmed that, while the inaease in 
loss of sample 1 with respect to light having a wave- 
length of 1 .55 um is 0.19 dB/km. the conventional opti- 
cal fiber yields an increase in loss of 1.12 dB/km, 
whereby the dispersion-shifted fiber of sanple 1 can 
greatly reduce the increase in loss caused by 
microbend. 

In the dispersion-shifted fiber of sample 2. the posi- 
tion yielding the maximum optical power with respect to 
light having a wavelength of 1 .55 jim is separated from 
the core center by about 3 ^m. For the light having a 
wavelength of 1 .55 ^m. sample 2 has an effective core 
cross-sectional area Aeff of 86 and an MFD of 1 1.0 
Jim. Though the cutoff wavelength at 2 m length in 
each of samples 1 and 2 is 1 .7 jim, which is longer than 
the wavelength used (1.55-nm wavelength band), both 
samples would effectively function in a single mode 
under their normal state of usage, since the single 
mode is guaranteed at a fber length of 100 m or more 
with respect to light having a wavelength of 1.55 ^m. 

After the inaease in loss by microbend was simi- 
larly evaluated in the dispersion-shifted fber of sample 
2. it has been confirmed that its increase in loss is quite 
small, i.e., 0.11 dB/km. For the light having a wave- 
length of 1.55 ^m, the wavelength dispersion value of 
sample 2 -2.6 ps/mm/km. That is. the d'^ersion 
value at the wavelength used Is not zero (zero-disper- 
sion wavelength Xq is shifted to the longer wavelength 
side than the used wavelength of 1.55 jim). Conse- 



querttly. the occurrence of four-wave mixing, which 
causes signals in wavelength multiplexing transmission 
to deteriorate, is reduced. 

Though each of the above-mentioned samples 1 
5 and 2 has a refractive index profile of a single-ring struc- 
ture in which the inner core has a refractive index lower 
than that of the dadding region as shown in Rg. 24, 
they should not be restricted to this refractive index pro- 
f Oe. Namely, the refractive index profile applicable to the 
10 dispersion-shifted fiber according to the present inven- 
tion may be. for example, a structure in which the refrac- 
tive index of the inner core and that of the dadding 
region coindde with each other as shown In Rg. 25. a 
depressed ring structure shown in Fig. 26, or a double- 
ts ring structure shown in Rg. 27. 

As explained in the foregoing, in the dispersion- 
shifted fiber according to the present invention, the posi- 
tion where the optical power distritxition of signal light in 
the fundamental mode is maximized is radially sepa- 
20 rated from the center of the core region by a predeter- 
mined distance, while, when the optical power in the 
fundamental mode of signal light at the center of the 
core region is Pq and the nnaximum value of the optical 
power distribution in the fundamental mode is Pv the 
25 maximum value P-i satisfies to be greater than the value 
of 1.2 times the optical power Pq at the center of core 
region. Consequently, it can realize a structure in which 
the effective core cross-sectional area AgH can be 
increased while keeping the made field diameter (MFD) 
30 small. 

In particular, when the position yielding the msod- 
mum value of optical power is separated from the center 
of the core region by 0.5 to 5 jim, the effective core 
cross-sectional area Ae« can be efffciently enhanced. 

35 Further, since the refractive index profile of the dis- 
persion-shifted f ber according to the present invention 
is designed such that desired values can be obtained as 
characteristics with respect to light at the center wave- 
length (1.550 nm) in the 1,55-jim wavelength band, it 

40 can effectively restrain nonlinear optical phenomena 
from occurring. 

From the invention thus described, it will be obvious 
that the implementation of the invention may be varied 
in many ways. Such variations are not to be regarded as 

45 a departure from the spirit and scope of the invention, 
and all such nxxjrf ications as would be obvious to one 
skilled in the art are intended for inclusion within the 
scope of the following claims. 

so Claims 

1, A dispersion-shifted fiber for propagating signal 
light in a wavelength band of 1 .55 jim. said disper- 
sion-shifted fiber comprising a core region extend- 
55 ing along a predetermined reference axis and a 
dadding region provided around the outer periph- 
ery of said core region, said dispersion-shifted fiber 
having, at a center wavelength of said wavelength 
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a dispersion whose absolute value is from 1.0 
to 4.5 ps/nnVkm; 

a dispersion slope of 0.05 to 0.09 ps/m^/km: 
an effective core cross-sectional area not less 
than 70 jinrf ; and 

a cutoff wavelength not less than 1 »300 nm at a 
fiber length of 2 m. 

A dispersion-shifted fber according to claim 1, 
wherein said core region comprises: 

an inner core having a first refractive index, and 
an outer core provided around the outer periph- 
ery of said inner core and having a second 
refractive index higher than said first refractive 
index; and 

wherein said cladding region is provided 
around the outer periphery of said outer core 
and has a refractive index lower than said sec- 
ond refractive index. 

A dispersion-shifted fiber according to claim 2, 
wherein said dispersion-shifted fiber satisfies the 
following relationships: 

0.4 ^ Ra (= 2a/2b) ^ 0.8 

5 nm^2b^14 nm 

wherein 2a is an outside diameter of said inner 
core, and 2b is an outside diameter of said outer 
core. 

A dispersion-shifted fiber according to claim 2, 
wherein said dispersion-shtfted fiber satisfies the 
following relationship: 

An^ - Ang ^ 1% 

wherein An^ Is a relative refractive index difference 
of said outer core with respect to said cladding 
region, and An2 is a relative refractive index differ- 
ence of said inner core with respect to said cladding 
region. 

A dispersion-shifted fber according to claim 4, 
wherein sad relative refractive index difference Ana 
of said inner core with respect to said cladding 
region is not greater than -0.4%. 

A dispersion-shifted fber according to daim 2, 
wherein said cladding region comprises: 

an inner cladding provided around the outer 
periphery of said outer core and having a third 
refractive index lower than said second refrac- 



tive index; and 

an outer cladding provided around the outer 
periphery of said inner cladding and having a 
fourth refractive Index higher than said third 
refractive index. 

7. A dispersion-shifted fiber according to claim 6. 
wherein said dispersion-shifted fber satisfies the 
following relationships: 

0.4 ^ Ra {= 2a/2b) ^ 0.8 

5 nm ^ 2b ^ 14 nm 

wrtierein 2a is an outside diameter of said inner 
core, and 2b is an outside diameter of said outer 
core. 

8. A dispersion-shifted fiber according to claim 6, 
virtierein said cfispersion-shifted fber satisfies the 
following relationship: 

1,2^2c/2b^2.2 

wherein 2c is an outer diameter of said inner clad- 
ding, and 2b is an outer diameter of said outer core. 

9. A dispersion-shifted fiber according to claim 6. 
wherein said dispersion-Shifted fiber satisfies the 
following relationsh'p: 

An, - An2 ^ 1% 

wherein An, is a relative refractive index difference 
of said outer core with respect to said outer clad- 
ding, and An2 is a relative refractive index difference 
of said inner core with respect to said outer clad- 
ding. 

10. A dispersion-shrfted fber according to claim 9, 
wherein said relative refractive index difference An2 
of said inner core with respect to said outer dad- 
ding is not greater than -0.4%. 

45 11. A dispersion-Shifted fiber according to claim 1. 
wherein, in a aoss section perpendicular to a 
wave-guiding direction of said signal light, a part 
where an optical power distribution in the funda- 
mental mode of said signal light or an electromag- 

$0 netic field distribution acconpanied therewith is 
maximized lies at a position radially separated from 
the center of said core region by a predetermined 
distance. 

55 12. A dispersion-shifted fiber according to daim 11. 
wherein said cEspersion^ifted fber satisfies the 
following relationship: 
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wherein Pq is an optical power in said fundamental 
mode at sakj center of core region, and P i is a max- 
infHjm value of said optical power distrttxition in said s 
fiKxiamental nxxJe. 



13. A dispersion-shifted ftoer for propagating signal 
light in a wavelength band of 1.55 ^m. said disper- 
sion-shifted f ber comprising a core region extend- 
ing along a predetermined reference axis and a 
cladding region provided around the outer periph- 
ery of said core region, 

wherein a position where an optical power 
distribution in the fundamental nxxle of said signal 
light IS maximized is radially separated from the 
center of said Core region by a predetermined dis- 
tance; and 

wherein said dispersion-shifted ftoer satis- 
fies the following relationship: 

P^ > 1.2x Po 

wherein Pq is an optical power in said fundamental 
nrxxle at said center of core region, and Pi is a max- 
imum value of said optical power distribution in said 
fundamental mode. 

14, A dispersion-shifted fiber according to claim 13. 
wherein said position where said optical power dis- 
tritxition in said fundamental mode of said signal 
light is maximized is radially separated from said 
center of core region by 0.5-5 nm. 
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la. A dispersion-shifted fiber according to daim 17, 
wherein said core region comprises: 

an inner core having a first refractive index, and 
an outer core provided cu'ound the outer periph- 
ery of said inner core euxi having a second 
refractive index higher than S£ud first refractive 
index; ar^i 

wherein said cladding region Is provided 
around the outer periphery of said outer core 
and has a refractive index lower than ^id sec- 
ond refractive index. 

19. A dispersion-shifted fiber according to daim 18, 
wherein said cladding region comprises: 

an Inner dadding provided around the outer 
periphery of said outer core and having a third 
refractive index lower than said second refrac- 
tive index: and 

an outer cladding provided around the outer 
periphery of said inner dadding and having a 
fourth refractive index higher than said third 
refractive index. 
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15. A dispersion-shifted fiber according to claim 13, 35 
wherein said dispersion-shifted fiber has an effec- 
tive core cross sectional area not less than 70 furf 

at a center wavelength of said wavelength l3and of 
1.55 jmt. 

40 

16. A dispersion-shifted fiber according to claim 13, 
wherein said dispersion-shifted ftoer has a zero-dis- 
persion wavelength set so as to shift from said 
wavelength band of 1 .55 fim. 

45 

17. A dispersion-shifted fiber according to claim 13, 
wherein said dispersion-shifted fiber has, at a 
center wavelength of said wavelength band of 1 .55 
^m, characteristics of: 

sc 

a dispersion whose absolute value is from 1.0 
to 4.5 ps/nnVkm; 

a dispersion dope of 0.05 to 0.09 ps/nm^/km; 
an effective core cross-sectional area not less 
than 70 pm?; and ^ 
a cutoff wavelength not less than 1 ,300 nm at a 
m& length of 2 m 
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